Angular magnetotransport measurements have been performed to tackle the origin of the magnetoresistance in the quasi-1D Hollandite Ba1.2Rh8O16. Three samples of different impurities amount were measured. We observe that the low temperature resistivity upturn is not due to a charge density wave transition, and a dominant role of impurities scattering for low temperature transport properties is instead demonstrated. The components of magnetoresistance were separated by using the Kohler plot and the angular dependency of the resistance under magnetic field. It shows the major contribution of an isotropic, likely spin driven, negative magnetoresistance. Galvanomagnetic characteristics are then consistent with a Kondo effect and appear to be essentially 3D at low temperature.
INTRODUCTION
Ba 1.2 Rh 8 O 16 is a quasi-one dimensional Hollandite [1] . In this oxide, Rhodium presents a mixed valency with Rh 3+ and Rh 4+ . Interestingly for a low dimensional oxide, it has a pronounced metallic character along the chains direction, with a room temperature resistivity of about 1 mΩ.cm. Phonon scattering seems to take a major part in the dissipation, as the temperature variation follows that deduced from Bloch-Gruneisen functions with a reasonable Debye temperature [1] . Note that if this result is expected in the case of a simple 3D metal, it is a priori more surprising for a quasi-1D system where electron electron umklapp scattering can take a large part in the dissipative processes [2] and where corrections due to the non spherical Fermi surface can be important. In addition, a small upturn of the resistivity is observed at low temperature. It is apparently associated with a small negative magnetoresistance, whose origin remains unexplained [1] .
Electronic instabilities are expected in low dimensional conductors. The first one is superconductivity whose manifestation (the resistance R=0 and the Meissner effect) is unambiguous and is clearly not observed in Ba 1.2 Rh 8 O 16 at least for T > 1.8 K. Considering the extreme low residual resistivity needed to observe superconductivity in non conventional oxide superconductors such as Sr 2 RuO 4 [3] , the level of disorder in Ba 1.2 Rh 8 O 16 is likely in the range where pair breaking is expected. More directly related to the low dimensionality are the Nesting properties of the Fermi surface which lead to a Peierls type transition and to a charge-density wave. A direct consequence is a metal to insulator transition in the pure 1D case or eventually a more complex transition due to incomplete nesting in higher dimensions. The upturn of resistivity of Ba 1.2 Rh 8 O 16 at low temperature could be a manifestation of such a charge density wave instability due to the low electronic dimensionality. In this case, non linear transport properties characteristics of the CDW pinning and sliding are expected [4] . Other possibilities for explaining the resistivity upturn (and the weak negative magnetoresistance) are Kondo effect [5] and weak localization phenomena [6] . In general, several complementary measurements are needed because it is difficult to disentangle these different magnetoresistive processes. To go further into the magnetotransport properties of this interesting compound, we have measured in details three samples of Ba Four gold wires of diameter 20 µm were attached to the sample with silver paste to perform four probes measurements. To allow for a small diffusion of the silver and a good contact resistance, the sample was heated at 673 K during 10 min. Magnetotransport measurements were performed in a physical properties measurements system (PPMS, Quantum Design), equipped with a 14T superconducting solenoid and a vertical rotator for sensitive angular measurements. For noise and non linear transport measurements used to check the CDW properties, a home made set-up was used [7] .
LOW TEMPERATURE TRANSPORT PROPERTIES
As shown in Fig.2 and as previously reported [1] , Ba 1.2 Rh 8 O 16 exhibits a metallic resistivity from T = 400K to a low temperature T min . At the lower temperatures T < T min , a small upturn of the resistivity can be observed (see the inset of Fig.2 ). Its origin is unclear, but a low dimensional instability such as a CDW can provide an attractive interpretation [1] . We have measured three samples which present different residual resistivity ratio (RRR) corresponding to different strength of impurity scattering for each. In order to provide a qualitative estimation of the electronic mean free path ℓ, we use a simple Drude approach which gives ℓ 300K ∼ h/(b.N.e 2 .ρ 300K ), with h the Planck constant, e the elementary charge, N ∼ 1.02 10 22 cm −3 the carriers density deduced from Hall effect measurements [1] , and b the b-axis parameter. Assuming that impurities are diluted enough to use the Matthiessen rule, we obtain ℓ Tmin = (RRR − 1)ℓ 300K . The cleanest sample, the sample ♯3, presents a value ℓ(T min ) ∼ 11 nm. Taking into account the quasi-1D character of the sample, a more specific approach from the Boltzmann equation would yield ℓ 300K ∼ h.a.c/(4.e 2 .ρ 300K ) where a and c are a and c-axis parameters respectively [8] . We find ℓ(T min ) ∼ 7.5 nm for the sample ♯3. The values of the apparent mean free path are of the same order of magnitude with the two approaches. The value obtained with the Drude formula will be used for analyzing the qualitative variation of ℓ between the three samples.
Disorder is in general not favorable to the condensation of a CDW, and its transition temperature is expected to decrease when the mean free path decreases [9] . It can be observed in Fig.3 that T min is contrarily decreasing when the mean free path increases, meaning that the disorder favors the transition. In addition, we do not observe any characteristics of the transport properties in a CDW state (non linear transport is not observed as far as the sample is in thermal equilibrium and voltage noise is always measured resolution limited (< 0.5nV / √ Hz)). We conclude that the low temperature upturn of the resistivity is not due to CDW transition. As shown in the inset of fig.2 , the thermal variation of the resistivity is ∆ρ(T ) ∼ −A × logT . This is observed in Kondo metals at low temperature for T >> T K , T K being the Kondo temperature. To the extent that the mean free path at low temperature is inversely proportional to the impurity concentration as in simple metals (with dilute impurity concentration), one finds that the slope A increases linearly with the impurity concentration (Fig.3) , as also expected for Kondo resistivity in the high temperature limit.
LOW TEMPERATURE MAGNETOTRANSPORT PROPERTIES
The Ba 1.2 Rh 8 O 16 exhibits apparently two types of magnetoresistance (MR). The first one is positive and is observed for T < T ∼ 20K down to low temperature. Classically, the galvanomagnetic properties of a metal are contained in the product ωτ , where ω is the cyclotron frequency of charge carriers across the Fermi surface and τ is the mean free time proportional to the mean free path. In this conventional picture, the MR is higher when the mean free path increases. Comparing our three samples, it can be observed in the Fig.4 that the positive MR is indeed increasing with the mean free path. The positive MR that we measure is quadratic with the magnetic field for moderate applied field values, as expected for a Lorentz-Force driven MR. It is linear for higher fields and non saturating (Fig.5) for reasons that deserves more attention. A consequence of a simple galvanomagnetic coupling (with one relaxation time) is that the MR curves measured at different temperatures makes a single curve when plotting ∆R/R 0 = f (ωτ ) = f (B/ρ 0 ). This is known as the Kohler rule [10] . We observe here that this Kohler rule is fulfilled for T > T min but not for T < T min (Fig.6) showing that another magnetoresistive process is appearing.
The low temperature upturn of resistivity is indeed associated with a negative MR which grows when decreasing the temperature. This negative MR is increasing when the RRR decreases, what is the opposite of a mean free path effect and clearly differentiates the negative MR from the normal (Lorentz force driven) MR. It implies also that the negative MR is driven by impurities scattering. The pure negative MR has been extracted after correcting the total MR by the normal MR which has been extrapolated for T < T min using the Kohler rule. For the Kondo effect, the MR is predicted to vary approximately as < S > 2 , the square of thermal average of localized moment, for temperatures T > T K [11, 12] what is the relevant case here. The field dependence of the negative MR should be very close to the square of the Brillouin function, as we observe in Fig.7 . The temperature dependence of the negative MR is also well explained by the factor (B/T) contained in the Brillouin function.
ANGULAR DEPENDENCE OF THE RESISTANCE
The resistivity has been measured as function of the angle θ between the magnetic field B and the transport current I, which was applied along the longest dimension of the crystal (b-axis). In our convention, θ = 0 for I perpendicular to B. The angular dependence of the resistivity presents here a systematic twofold symmetry. For T > T min but also as soon as the positive MR dominates over the negative MR, the resistivity is maximum for θ = 0, as expected for the ordinary MR (OMR) due to Lorentz force (see Fig.8 for B > 10T ) .
When the negative MR dominates, an opposite angular dependence develops itself, recalling the anisotropic MR (AMR) (see Fig.8 for B < 10T ). The origin of the AMR is in the spin-orbit coupling, and it leads to a minimum (maximum) of resistance when the transport current is perpendicular (parallel) to the magnetization. The angular dependence of the AMR is in the simplest form given by [13] :
ρ 0 is the isotropic resistivity, θ M is the angle between current and magnetization and ∆ρ is the difference between the two extrema of the resistivity. As shown in Fig.9 for a particular field value, we obtain systematic good fits using the equation (2) with θ = θ M . It implies that the magnetization follows the direction of the applied magnetic field, and that the crystalline and form anisotropies are easily overcome. At first sight, it is surprising considering that the samples are needle-like and present a large form anisotropy between the parallel and perpendicular geometries (we estimate a ratio of demagnetization coefficient of about 50 from geometrical consideration). This is however consistent with the absence of magnetic ordering and with a low paramagnetic susceptibility as usually observed in Rhodium oxides [14, 15] . Note that Rh 3+ is expected to be low spin, non magnetic (S = 0). It should break magnetic interactions in the chains, allowing for only small magnetic units and resulting in a moderate AMR. This AMR indeed represents only one tenth of the total negative MR. As a main point, R(B) for θ = 0 deg and θ = 90 deg at 2K have similar variation and order of magnitude. We conclude that the anisotropic parts of the MR are of the order of 10 % and arise from AMR or OMR contribution (Fig.8) . The main contribution is clearly isotropic, and is associated with spin disorder.
Finally, we find that despite the quasi 1D structure of Ba 1.2 Rh 8 O 16 , definitive signs of 1D electronic phenomena are not observed at low temperature. Hollandites are structurally close to 1D because BO 6 octahedra (B = Rh here) are joined by corner along the chains direction and by edges along the other direction [16] . The interchain coupling is then moderate but still exists. A non negligible interchain hopping can be anticipated. In such a case, the Fermi surface is not consisting in two parallel planes as in the pure 1D case, but these latter are warped and allow for some single-particle hopping. It leads to electronic properties of higher dimension than 1D at low temperature, specially if electronic correlations are not too strong [17, 18] . In particular, 1D to 3D crossover can be expected when the thermal energy decreases. As shown in the inset of Fig.10 , a notable anisotropy is observed between the transverse and the longitudinal resistivity, with a maximum which emerges at an intermediate temperature. In particular, the transverse resistivity,i.e perpendicular to the needle direction, varies in a way consistent with a 3D-1D crossover. The high temperature of the transverse resistivity is characterized by dρ/dT < 0 (Fig. 10) . It is compatible with an incoherent interchain hopping as observed in the Bechgaard salts [19] . The low temperature transverse resistivity is metallic, as expected if interchain coupling takes place when thermal energy becomes lower than the warping of the Fermi surface. A similar anisotropy in the carrier transport properties was reported in BaRu 6 O 12 [20] (ρ ac /ρ b ∼ 10), another Hollandite with a quasi-1D structure. BaRu 6 O 12 was proposed to be a quasi 1D electronic oxide close to a quantum phase transition between two different ground states, metallic and weakly localized. The major argument was the extreme sensitivity of transport properties to disorder at low temperature. BaRu 6 O 12 presents a positive MR at low temperature, which magnitude increases with the RRR, resulting indeed in a tendency to stabilize weak localized state under magnetic field. We have shown that the changes in the positive MR are due to a mean free path effect in Ba 1.2 Rh 8 O 16 , with an angular dependence consistent with a normal, Lorentz force driven, MR. It suggests that the sensitivity of galvanomagnetic properties to disorder at low temperature in our quasi-1D Hollandite has no link with a quantum phase transition. There is an additional contribution in Ba 1.2 Rh 8 O 16 : the negative MR associated with the Kondo-like resistivity upturn which dominates at low temperature. It tends to show that the impurity scattering is magnetic in our sample, and non magnetic in BaRu 6 O 12 . Reasons for this difference are for the moment unclear, specially because a too small amount of magnetic impurities can be hard to detect. A specific feature of Ba 1.2 Rh 8 O 16 is the incommensurate modulation of Barium position [1] . The role of local fluctuations in charge valence induced by the incommensurability could be an interesting track but has to be clarified with a systematic comparison of transport properties of isostructural commensurate and incommensurate compounds.
CONCLUSION
In summary, we have studied the magnetotransport properties of hollandite Ba 1.2 Rh 8 O 16 . An isotropic component with the characteristics of a Kondo effect is observed at low temperatures. It appears in addition to a classical galvanomagnetic component. Both are sensitive to disorder, but only the latter shows the evolution expected for a mean free path effect. Examining the different measurements, we propose that impurity scattering of magnetic origin plays a major role compared to others Hollandite, and that the low temperature transport properties have here no relation to a quantum critical point. At first sight, the isotropic form of magnetotransport characteristics seems to contradict the 1D structural character of the sample, but is however not inconsistent with the expected behavior of a quasi-1D conductor. The electronic anisotropy of Ba 1.2 Rh 8 O 16 , if notable, seems to low to preserve pure 1D properties at low temperatures. The genuine origin of the magnetic scattering term is unknown, and a possible role of the structural incommensurate modulation has to be studied. Further work will be required to understand this peculiar point. 
